Objective: The key factors that promote the termination of focal seizures have not been fully clarified. The buildup of neuronal synchronization during seizures has been proposed as one of the possible activity-dependent, self-limiting mechanisms. We investigate if increased thalamo-cortical coupling contributes to enhance synchronization during the late phase of focal seizure-like events (SLEs) generated in limbic regions. Methods: Recordings were simultaneously performed in the nucleus reuniens of the thalamus, in the hippocampus and in the entorhinal cortex of the isolated guinea pig brain during focal bicuculline-induced SLEs with low voltage fast activity at onset. Results: Spectral coherence and cross-correlation analysis demonstrated a progressive thalamo-cortical entrainment and synchronization in the generation of bursting activity that characterizes the final part of SLEs. The hippocampus is the first activated structure at the beginning of SLE bursting phase and thalamo-hippocampal synchronization is progressively enhanced as SLE develops. The thalamus takes the lead in generating the bursting discharge as SLE end approaches. Significance: As suggested by clinical studies performed during pre-surgical intracranial monitoring, our data confirm a role of the midline thalamus in leading the synchronous bursting activity at the end of focal seizures in the mesial temporal regions.
| INTRODUCTION
Focal seizures exceptionally last more than 2-3 minutes 1, 2 suggesting that self-limiting mechanisms may be triggered during seizures to control the epileptiform discharge. [3] [4] [5] It has been proposed that excessive synchronization characterized by the simultaneous and opposing enhancement of excitation (burst activity) and postburst inhibition builds up during the late bursting phase of a focal seizure. According to this hypothesis, the epileptiform discharge terminates when postburst depression becomes large enough to prevent reactivation of excitation. 5 The progressive enhancement of synchronization during the course of a focal seizure could be mediated by the involvement of subcortical structures. The role of a diencephalic generators during seizures is also suggested by the evidence that the seizure discharge tends to stop abruptly and synchronously over a broad region that may exceed the cortical area of seizure onset. 6 An increased thalamocortical coupling has been described at the end of seizures in patients with temporal lobe epilepsy (TLE), 7, 8 supporting the idea that thalamus-induced synchronization can play a crucial role in seizure termination. Interestingly, a reduction in volume of both hippocampus and thalamus has been observed in TLE patients [9] [10] [11] in particular in mediodorsal and anterior thalamic nuclei, 12, 13 suggesting an involvement of these regions in TLE seizure networks. Midline thalamic nuclei involvement in focal limbic seizures was confirmed in animal models.
14 Among the midline thalamic nuclei, the nucleus reuniens (RE) is interconnected with the hippocampus proper by well-organized anatomical projections to CA1, subiculum, parasubiculum and entorhinal cortex (EC). [15] [16] [17] [18] Electrophysiological experiments confirmed the projections from midline thalamus to CA1 and EC in animals. 19, 20 RE receives widespread afferents from cortical areas including different hippocampal subfields, but not the EC. 21 In the present study we investigate the activity in CA1 area of the hippocampus, in the medial part of the EC (mEC) and in the RE nucleus of the thalamus in an acute model of focal limbic seizures developed in the isolated guinea pig brain maintained in vitro by arterial perfusion. We analyzed the correlation between RE, CA1 and mEC activities during focal seizure-like events (SLEs) induced by 3-minute application of bicuculline methiodide (BMI) to verify a role of the thalamus in limbic cortex synchronization. Our results contribute to the understanding of activity-dependent mechanisms activated during SLEs and of their possible role in promoting ictal termination.
| MATERIALS AND METHODS
Brains from female Hartley guinea pigs (150-200 g, Charles River, Calco, Italy) were isolated and maintained in vitro according to the standard procedure described elsewhere. 22, 23 . Before starting the electrophysiological experiment, the temperature of the perfusate was slowly raised (steps of 0.2°C/min) to 32°C using a temperature controller (PTC 10, NPI, Tamm, Germany).
Experiments were performed on 16 isolated guinea pig brains. The experimental procedures and the animal care were conducted in accordance with the guidelines defined by the European Communities Council directive (2010/63/ EU). Every effort was made to limit the number of animals used. ARRIVE guidelines and the Basel declaration were considered when planning the experiments. The experimental protocol was reviewed and approved by Committee on Animal Care and Use and by the Ethics Committee of the Fondazione Istituto Neurologico.
Extracellular recording electrodes (0.9 mol/L NaCl-filled glass pipettes and bipolar tungsten electrodes; 5-10 MΩ resistance) were positioned in the CA1 region of the hippocampus, in the medial entorhinal cortex (mEC; 500 μm in depth) and in the nucleus reuniens of the thalamus (RE). Field responses evoked by electrical stimulation of the lateral olfactory tract (Telefactor S88; Grass, West Warwick, Rhode Island) were utilized to position recording electrodes in the CA1 region. 24 To target the RE, the electrode was inserted at the depth of 4 mm from the ventral surface, using the infundibulum as surface entry point. Figure 4 ): (a) the peak value (CC peak), defined as the single point on y-axis with the largest absolute difference from zero (crosscorrelation value); (b) the peak lag, defined as the distance (in seconds) on x-axis of the peak of correlation from the center of the analysis window (time 0). These two parameters were also measured considering the close-to-zero lag peak for each cross-correlogram. During both i rr s and b-early phases CC peaks have either positive or negative values, whereas b-late peaks in the majority of the experiments showed only one polarity. To compare the amplitude of the CC peaks, absolute values of cross-correlograms were considered. To quantify the relative variability of values (CC peaks and lags) we computed the coefficient of variation (CV).
All the statistical tests were conducted with Origin Pro 2016. Paired tests were chosen to compare b-early phase and b-late phases. Paired Student t test was performed when normal distribution of the values was assessed, otherwise Wilcoxon signed-rank test was run. One-way ANOVA coupled with Tukey post hoc test was used for comparing multiple groups. Differences were considered statistically significant for P < 0.05. All numerical results are reported as mean ± standard deviation (SD).
| RESULTS
Arterial perfusion of BMI (50 μmol/L; 3 minutes) in the in vitro isolated guinea pig brain induces focal SLEs in CA1 and mEC (Figure 1 ), characterized by large-amplitude preictal spikes, followed by fast activity (fa; 20-30 Hz; yellow in the top bar of Figures 1A and 2A), irregular spiking (i rr s; blue) and bursting activity. 26 The bursting SLE period features bursts of irregular frequency and variable duration in the initial phase (b-early; light blue in the top bar of Figures 1A and 2A ) that became more regular, less frequent and larger in amplitude during the late bursting stage (b-late; dark blue bar). Eleven out of 16 SLEs initiated with the above described low-voltage fast activity pattern ( Figure 1A ) and five SLEs presented a hypersynchronous onset without a clear fa and i rr s phases. 26 In the present report we analyzed exclusively first SLEs with a lowvoltage fast activity at onset. As shown in Figures 1 and 2 , RE participates in the SLE. A representative histological control of the RE electrode position marked by the electrolytic lesion (arrow) is shown in left panel of Figure 1A . Preictal spikes and fa were observed in the limbic system (CA1 or mEC) and, with a lower amplitude, in RE (Figures 1B and S1B). RE activity became larger during the transition into the bursting phase ( Figure 1B ). Differential montage recordings with a bipolar fork electrode inserted in the RE were performed in eight out of 11 experiments, to isolate locally generated activity from potentials volume-conducted from the neighboring cortices. As illustrated in Figure S1A , the amplitude of the potentials recorded in RE was smaller when the influence of volume conducted activities was excluded with bipolar local recordings (upper trace). The ability of the bipolar montage to exclude far-fields and to record locally generated RE activities is also demonstrated in Figure S1B , where some of the burst discharges generated in CA1 region (asterisks) were not detected in the RE electrode.
Spectrographic analysis of traces showed fast betagamma activity (arrows) at SLE onset, followed by fast rhythms during i rr s and bursting in both CA1 and RE ( To evaluate the relation between activities recorded in the different structures, we analysed 10 bursts from b-early and 10 bursts from b-late phases in each SLE, we marked the onset of each burst in CA1, mEC and RE (identified as a voltage deflection at least three times larger than the SD of the background activity), measured the delay between the onsets of the first and the last activated structures (Δt) in each burst and compared the averaged delays obtained from b-early and b-late ( Figure 3A ) in experiments recorded with differential bipolar RE recordings electrodes (n = 8). The Δt and the relative SD showed an overall decrease when early (41.5 ± 25.1 milliseconds) and late bursts (28.8 ± 16.3 milliseconds; Figure 3B ) were compared. A clear trend for a faster propagation of the activity from the first to the last activated region during b-late bursts was observed, without statistical significance (paired t test: t(7) = 2.21, P = 0.06). The analysis of the onsets of the bursts also demonstrated that during b-early CA1 initiated the majority of the bursts (left Figure 3C ), whereas RE anticipated CA1 and mEC during the b-late phase (right column in Figure 3C ). The duration of epileptiform burst discharges increased in parallel in all the recorded structures during the transition from bearly to b-late. B-early bursts duration was 0.53 ± 0.15 seconds, 0.53 ± 0.13 seconds and 0.50 ± 0.12 seconds (light blue columns in Figure 3D ) and b-late was 1.06 ± 0.24 seconds, 1.03 ± 0.23 seconds and 1.02 ± 0.23 seconds in CA1, mEC and RE, respectively (dark blue columns in Figure 3D ). These data suggest that hippocampus and RE progressively synchronize their activities during the bursting phase of SLEs and the lead of burst initiation shifts from CA1 to RE during the final part of the SLEs.
Next, we analysed the propagation pattern between structures during the rhythmic activity generated within each bursts in different SLE phases (Figures 4 and 5) . We computed cross-correlation (CC) and measured CC lags between each pair of electrodes (RE vs CA1, CA1 vs mEC and RE vs mEC) on 10 segments of 200 milliseconds for each SLE during i rr s and during the early and late bursts (shaded areas in Figure 4A) . A great variability in the cross-correlograms computed for the i rr s phase was observed, as illustrated in the RE vs CA1 CC of the representative experiment (left panels of Figure 4B ). The level of dispersion of CC peaks around the mean values of RE-CA1 pair was quantified by computing the averaged coefficient of variation (CV) of row maximal CC values for the three different ictal phases (i rr s: 2.73 ± 3.13; b-early: 1.67 ± 1.72, b-late: 0.09 ± 0.06; Figure S2 ); a reduction that indicates a progressive convergence of the CC peak Table 1 (n = 11). We measured CC values either at the largest CC peak (upper part of Table 1 ) or at the close-to-zero lag peak (lower part of Table 1 ): in both cases CC between RE and CA1 and between CA1 and mEC consistently and significantly increased in the b-late phase in comparison to b-early, with only exception of experiment 7 (left panels in Figure 5A and C). We also quantified the average dispersion of CC close-to-zero peak values in b-early and b-late phases for RE-CA1 pairs, computing CV that demonstrated a statistically significant difference (0.34 ± 0.13 in b-early and 0.12 ± 0.08 in b-late, respectively; Wilcoxon signedrank test, P = 0.01). For CA1-EC pairs, CV values showed a not statistically significant reduction from b-early (0.22 ± 0.07) to b-late (0.15 ± 0.11), at Wilcoxon signedrank test (P = 0.26). CC peak between RE and mEC did not show a consistent increase from b-early to b-late (left panel in Figure 5B ), as CC values significantly increased (n = 4) or remained unchanged (n = 7) as the end of the SLE approached. The b-early phase (light blue squares in left panels of Figure 5 ) was associated to a larger variability in CC values compared to b-late phase (dark blue circles in left panels of Figure 5 ), as demonstrated by larger SDs associated to b-early peak-correlation and by the reduction of CV value from 0.18 ± 0.09 in b-early to 0.14 ± 0.11 in b-late not significant at Wilcoxon signed-rank test (P = 0.20), suggesting however a more regular correlation between activities during the last part of the SLEs.
The lag distributions between RE and CA1 and between CA1 and mEC were also broader in b-early than in b-late phase ( Figure 5A ,C, middle and right panels). In b-late the mean values were negative in most experiments, indicating that the activity most often propagates from RE to CA1, and were significantly less dispersed around the mean value (CV: 5.26 ± 4.99 in b-early and 1.02 ± 0.37 in b-late; Wilcoxon signed-rank test, P = 0.01), confirming a more regular propagation pattern ( Figure 5A ). Similar findings were observed for CA1 vs mEC CC lag values, with a prevalent propagation from CA1 to mEC during b-late ( Figure 5C ) with a significant reduction of CV value (2.84 ± 2.20 in b-early and 0.33 ± 0.37 in b-late; Wilcoxon signed-rank test, P = 0.02). The analysis of the CC lags obtained from RE/mEC pairs showed that both b-early and b-late lag values were centered to zero in 8 experiments ( Figure 5B and Table 1 ), suggesting independent activity between structures and indicating that interaction between the RE and mEC at the end of the SLE is random. CV values from b-early to b-late were 1.35 ± 1.29 and 0.56 ± 0.69, respectively and the difference was not statistically significant (Wilcoxon signed-rank test, P = 0.16).
In conclusion, in the late part of the SLE a preferential propagation of burst activity from RE to CA1 and from CA1 to mEC was observed.
| DISCUSSION
Neuronal synchronization has been proposed as one of the possible mechanisms leading to seizure termination. 6, 27 In animal models and in human focal temporal lobe epilepsies, seizures are characterized by an early phase of lowvoltage fast activity in the beta-gamma frequency range, 28, 29 followed by a progressive recruitment of irregular spikes that show a tendency to synchronize in bursts toward the late phase. Neuronal activity during the bursting phase of a seizure becomes progressively larger in amplitude 6, 27 and the synchronous activation during each burst promotes a synchronous postburst depression/inhibition. We recently proposed that larger bursts induce progressively longer postburst depressions that may prevent further reexcitement of the network, thus leading to seizure hippocampal burst synchronization during the late seizure phase is shown here. SLEs induced in the isolated guinea pig brain by 3-minute perfusion of the GABAa receptor antagonist BMI have a focal onset; they start in CA1/mEC and rapidly involve the midline RE nucleus. The development of the SLE in RE, analysed for the first time in this experimental preparation, showed a preferential recruitment of midline RE nuclei in late b-early and b-late SLE phases, 26 even though small amplitude activity in RE was observed also during fast activity at onset and irregular spiking activity. As discussed in Sections 2 and 3, a bipolar montage between two recording tips of a fork electrode separated by 375 μm were utilized to avoid the recording of spurious far-field potentials generated elsewhere in the brain and volume conducted to the RE recording site. In our in vitro experiments, RE involvement from the beginning of the SLE confirms the observation of Bertram et al 14 show that during b-early CA1 is the first activated structure, whereas in b-late RE is taking the leading role. The recruitment of hippocampal synchronization during the bursts observed in the late part of a seizure could promote the increase in bursting excitation-and the subsequent postburst depression-that leads to seizure termination. 5 We confirmed here that thalamic midline nuclei are part of the network circuitry of focal limbic seizures. A functional MRI study performed in patients with unilateral TLE suggested that the thalamus is a "nodal hub" in the organization of epileptogenic networks, in particular in those patients that were not seizure free after en bloc anterior temporal lobectomy. 32 Interestingly, blood-flow increases
were seen during seizures in medial thalamic regions and temporal regions by ictal SPECT studies in TLE patients, suggesting a rapid involvement of midline thalamus in the ictal activity. 33 Moreover, thalamic recruitment during focal SLEs originating from the mesial temporal lobe has been described in patients submitted to intracerebral EEG during pre-surgical monitoring, in which electrodes were positioned in the thalamus. 7, 8 By analyzing a synchronization index, it was demonstrated in one of these studies 8 that the thalamus was consistently recruited in the late phase of seizures originating from mesial temporal structures and it has been proposed that thalamic synchronization contributes to T A B L E 1 Averaged cross-correlation and peak lag values within bursts (in ms) between pairs of recording sites. Both CC values of the largest correlated peaks (max CC peak) and the closest-to-zero correlation peak are specified. Paired t test or Wilcoxon signed-rank test were Closest-to-zero CC peak lag −3 ± 7 −6 ± 11 (P = 0.31) SLE termination by inducing a stable synchronization of temporal lobe structures. Notably, a study performed in humans with multichannel intracerebral EEG during presurgical monitoring demonstrated that cortical synchronization progressively increases during seizure development and it is higher at the end of a seizure, in comparison to seizure onset. 34 These findings lead to the proposal that increased cortical synchronization correlates and may be causally linked to seizure termination. 6 In line with this hypothesis, we show that in the late part of the SLE (including b-early and b-late phases) there is a progressive synchronization of the activities recorded in CA1, mEC and RE. We also found that the time interval between the onsets of the bursts gradually decreases, indicating a synchronization of the epileptiform activities toward the seizure end. In clinical reports, the location of thalamic recordings is not precise as in our study; we recorded from a selected thalamic target (RE) during a reproducible SLE pattern-a condition that cannot be achieved during SEEG, since intracranial electrodes in patients are not specifically targeted to record from specific thalamic nuclei. The analysis of the activity within the bursts by means of cross-correlation reliably reinforces the observation of a progressive synchronization of RE/CA1 and CA1/mEC activities in the late part of the SLE, whereas RE/mEC interaction does not show a clear synchronizing trend. In line with these finding, RE receives widespread afferents from cortical areas including different hippocampal subfields, but not the EC. 21 The strong correlation between RE and CA1 is sustained by prominent and reciprocal anatomical connections between midline thalamus and CA1. In particular, RE has been indicated as the thalamic nucleus most broadly connected with CA1 15, 17, 18 and EC. 16 These anatomical findings are confirmed by electrophysiological studies that reported activation of responses evoked by stimulation of RE and of other midline nuclei in CA1 and EC in animals 19, 20 and in humans. 35 As anticipated in the Introduction, anatomical and physiological interactions between CA1 and mEC have been extensively described and are reported to be strong and reciprocal. 24, 36, 37 The leading role of the RE nucleus in the last part of the SLE is in agreement with the hypotheses that RE is a synchronizer for the limbic system. 38 The exact mechanism of the synchronizing phenomenon we describe is speculative at present. Asymmetric (excitatory) synaptic contacts of fibers coming from RE on distant dendrites of CA1 cells have been demonstrated 16 and RE stimulation induces excitatory-inhibitory potentials in CA1 due to the terminals carried by the RE projection fibers to pyramidal cells in molecular layers and to interneurons. 20 A reinforcement of this excitatory input could be responsible for synchronization of hippocampal activity during RE recruitment in the late SLE. In agreement with the concept that the midline thalamic nuclei are necessary to generate the busting SLE phase, in vivo findings demonstrated that infusion of lidocaine in the midline thalamus suppress SLE bursting in the hippocampus. 14 We cannot exclude that other midline nuclei could contribute, together with RE, to limbic SLE synchronization. Electrical activation of the midline and anterior thalamic nuclei by deep brain stimulation is known to control seizure occurrence. 39 These findings were more recently replicated in a mouse model of unilateral mesial TLE induced by intrahippocampal injection of kainic acid; in this model paroxysmal discharges were blocked by either inactivation or stimulation of the parafascicular nucleus included, as RE, among the intralaminar thalami nuclei. 40 In conclusion, we demonstrate that synchronization of activity in the hippocampus and in midline thalamic RE correlates with the transition from the irregular spiking to the bursting phase of a focal limbic seizure. This enhanced synchronization could facilitate and support seizure termination. 
